A technique was developed to image marine snow particles by scanning confocal laser microscopy (SCLM). This method allows structural and compositional characterization of fully hydrated marine snow particles with minimal disruption of the particle structure. High specificity fluorescent stains permitted sequential imaging of selected polysaccharides (concanavalin A: specific for mannose and glucose polymer:;), proteins [5-(4,6-dichlorotriazin-2-yl) aminofluorescein], and DNA (propidium iodide). Chl a autofluorescence can rtlso be imaged. SCLM produced optical slices of marine snow particles that were suited for a number of image-processing applications. These applications include high-resolution fluorescently derived optical slices and composite images produced from combined optical slices. Initial observations suggest that marine snow particles found in the oligotrophic Pacific Ocean vary in composition and structure. Variations in polysaccharide and protein composition of marine snow particles may be related to particle morphology. When combined with other conventional analysis, such as epifluorescent and electron microscopy, LSCM can provide important contributions to characterizing composition and structure of marine snow.
Organic aggregates, or marine snow, are typically composed of an assemblage of organic polymers, phytoplankton, bacteria, fecal pellets, mineral materials, and other suspended matter characteristic of a given water mass (Silver and Alldredge 1981) . Marine aggregates can form de novo from living organisms such as abandoned mucus feeding structures that continue to scavenge fine suspended particles or from the physical aggregation of suspended particles due to collision and flocculation (AIldredge and Silver 1988; Shanks and Edmondson 1989) . Thorium isotopic disequilibrium studies suggest that a repeating aggregation-disaggregation mechanism is responsible for the fate of fine particles and dissolved constituents in the ocean (Bacon and Anderson 1982) . Degradation of organic coatings or matrices associated with marine aggregates could facilitate the disaggregation phase.
Recent studies have examined the relative importance of extracellular polysaccharides in the marine environment. Alldredge et al. (1993) identified a class of seemingly invisible transparent exopolymer particles (TEP), composed primarily of polysaccharides, that facilitate the formation of marine aggregates. In the oligotrophic environment, microbially produced exopolymers may be important in concentrating nutrients, thus promoting the attraction and attachment of periphytic marine microorganisms (Costerton et al. 1978; Corpe 1980) . These polymers are able to absorb and thank L. Campbell, E Mackenzie, and two anonymous reviewers for their helpful comments. This manuscript is based in part on a thesis submitted by C.EH. in partial fullfillment of the M.S. degree at-the University of Hawaii. SOEST contribution number 455 1. concentrate a number of dissolved and colloidal compounds in seawater such as amino acids and proteins (Dugan et al. 1970; Joyce and Dugan 1970) , as well as a number of metals (Corpe 1975; Brown and Lester 1982; Cowen and Silver 1984) . Metals have been found closely associated with bacterial exopolymers in the sediments (Nealson 1983) and in the water column (Cowen and Silver 1984; Cowen and Bruland 1985; Cowen and Li 1991) . Relative protein abundance has been used as a proxy for the degree of decomposition of organic material collected by sediment traps (Hecky et al. 1973; Haake et al. 1993) .
While some compositional information on marine snow is available, there is a dearth of information on the structural characteristics of these aggregates. As a first step, Alldredge et al. (1990) examined marine snow strength as a function of its size. Th#:ir study concluded that the strength or resistance of marine snow to physical breakup increased exponentially with decreasing size. Throughout the size spectra of marine snow there are varied morphologies that can enhance or inhibit the disaggregating processes.
As a result laf the keen interest in marine snow dynamics, several methods have been developed to characterize and image marine aggregates. Initially, marine snow structure was characterized via visual description and in situ macrophotographs (Alldredge and Silver 1988; Riebeseli 199 1). Macrophotography was helpful in characterizing the gross morphology of marine snow, yet these images provide only coarse structm-al information and no indication of composition. Conventional light microscopy can provide limited information on marine snow structure. Epifluorescence microscopy with the help of compositionally specific stains has provided compositional information (Silver and Alldredge 198 l) , yet fluorescent "haze" can obliterate much of the three-dimensional structural characteristics. Scanning electron microscopy (SEM) and transmission electron micros- Fig. 1 . Plots show the excitation (hollow boxes) and emission (solid boxes) spectra of compositionally specific dyes and autofluorescent signals. Excitation wavelengths generated by argon ion laser emission wavelengths are also plotted (488, 514 nm) (arrows). Bandpass filter wavelengths used for fluorescent emission detection are indicated by shaded boxes. copy (TEM) require extensive sample preparation including dehydration and various coating processes that sacrifice marine snow structure for compositional information.
A highly effective alternative method to derive high-resolution fluorescent images is available through the use of scanning confocal laser microscopy (SCLM). SCLM provides a noninvasive tool that can be utilized to image the three-dimensional structure of fully hydrated, near-pristine marine snow particles collected from the field. The object of this study was to develop a SCLM technique to examine the undisturbed architecture and composition of marine snow collected from surface waters of the oligotrophic North Pacific Ocean. Through the unique ability of SCLM to resolve images in three dimensions in conjunction with fluorescent staining techniques, marine snow can be characterized structurally and compositionally with a resolution not available with conventional microscopy. This method provides a potentially valuable resource for identifying the natural mechanisms of marine snow formation and destruction, and thus for evaluating the overall role of these particles in the marine environment.
Methods and materials
Marine snow samples were carefully collected in open-ocean waters near the Hawaiian Islands using scuba. Divers photographed individual marine snow particles in situ with a Nikonos IV underwater camera fitted with a 2: 1 macro-phototube.
The particle is then slowly drawn into a modified Teflon syringe assembly and immediately transferred into a lo-ml glass scintillation vial. The Teflon barrel was used to reduce the chances of the sample sticking during collection. The utmost care was taken to minimize physical disruption to the sample throughout the collection process. The samples were fixed with 2% buffered formaldehyde upon return to the laboratory. Formaldehyde was used as a general fixative because it shows no autofluorescence. Glutaraldehyde could not be used for most applications due to its strong autofluorescence under the laser light wavelengths used in this confocal system.
A primary strength of this SCLM imaging technique lies in its noninvasive mode of data collection. Specimens remain in their near-original fully hydrated, three-dimensional form. By maintaining near-natural conditions, marine snow particles are imaged while minimizing such artifacts as compression, folding, or breakage. Use of a pinhole aperture, high-intensity laser, and high numerical apertures permits a high-resolution image to be derived from a distinct specimen plane (Shotton 1989) . Cornpositing laser scans of successive planes in the specimen's z-axis produce high-resolution three-dimensional images that reveal detailed structural characterization of the undisturbed specimen.
In this study, confocal images of marine snow were obtained with an MRC-600 laser scanning confocal system (Bio-Rad Microscience) and a Zeiss Axiomat inverted microscope. Due to the ability of SCLM to eliminate out-offocus fluorescent haze, the high-resolution images are well suited for computer image processing and enhancement, including color enhancement, image merging, and presentation as a confocal image or a series of optical slices.
The SCLM system consists of a laser, scanning mirrors, light microscope, excitation and emission filters, pinhole aperture, detector, computer, and CRT monitors. The key component to the confocal system is the pinhole aperture that acts as a spatial filter for the third axis (orthogonal to the plane of focus) of the sample by blocking out any outof-focus signal (Sheppard 1994) . Beam scanning in the Xy directions is accomplished with the use of electronically controlled mirrors. Beam scan speeds, intervals between successive scans, and distances between sequential optical sections were user defined through the Bio-Rad interactive software and the computer-interfaced focusing motor connected to the microscope. Images were collected with a photomultiplier tube at slow-scan speed or multiple scans were integrated and digitized using a Kalman true running average filter. Images (768 X 512 pixels) were displayed on a standard color monitor and were stored as PIC files. SCLM is particularly well suited for epifluorescent microscopy because out-of-focus fluorescent haze can be eliminated to yield well-defined images. Compositionally specific fluorescent stains can be used to label component material. The stains can be introduced without the need for rinsing, which makes them optimally suited for staining delicate marine snow specimens.
Prior to confocal imaging, marine snow samples were carefully transferred to a customized Teflon-walled well slide with a small volume of ambient sea water via a modified Teflon syringe. Fluorescent stains were gently introduced to the sample with a pipette and allowed to incubate for 30 min in the dark. The samples were then imaged confocally. Concanavalin A-fluorescein isothiocyanate (Con A) was used to image polysaccharides containing oc-D-mannopyranosyl or cx-D-glucopyronsyl residues (Mandal et al. 1994) . 5-(4,6-Dichlorotriazin-2-yl) aminofluorescein (DTAF) (Sigma) is another fluorescein conjugate that is used to identify proteins. Both of the fluorescein conjugates exhibit near-maximum absorption and fluorescence at typical sea water pH. Unfortunately, because both Con A and DTAF are excited and emit at the same wavelengths, they usually could not be used on the same sample. Propidium iodide (PI) was used in this study to identify dead cells and extracellular DNA. PI (MW = 668.4) is an intercalating DNA-binding dye that is nonspecific for base pairs (Eilam et al. 1994) ; it is used to stain DNA in compromised (senescent and necrotic) cells but is unable to penetrate viable cell membranes (Kroesen et al. 1992) . These stains could be introduced to specimens without rinsing, thus reducing possible disruption to the specimen. Fig. 1 shows autofluorescence and stain excitation and emission spectra. Stains were introduced to the specimen at a final concentration of 10 mg ml-l (DTAF), 5 mg ml-' (Con A), and 4 mg ml-l (PI). Higher stain concentrations did not yield increased fluorescent signals.
Autofluorescent signals associated with marine snow can also be collected by SCLM. Fluorescence at 680 nm is used to identify Chl a while phycoerythrin autofluorescence at 575 nm is used to detect the presence of cyanobacteria. After all fluorescent images are collected, a nonconfocal, transmitted image is stored by a direct fiberoptic link from the microscope to the photomultiplier tube (PMT). Throughout the confocal imaging process, the lowest possible laser intensity is used to minimize fluorofore photobleaching and autofluorescent exhaustion. Reduc sion of fluorescent signal strength throughout the SCLM imaging process did not seem to be a problem.
SpeciJLicity sttldies-Specificity studies were conducted to ensure that fluorescent stains and optical filter sets were specific for their target compositions and that fluorescent signals were truly a result of target-composition staining. Compositionally specil?c substrates were placed in a well slide, stained with each stain individually, and imaged on the confocal system. The substrates were also imaged without any stains to investigate potential autofluorescence. To determine whether unattached fluorescent stains showed any autofluorescence, each stain was placed in a clean well slide without a test substrate and imaged under each filter combination that was used i:3 this study. To determine the specificity of the various filter-combinations, compositionally specific substrates were stained with the appropriate stain and imaged under each filter combination. The reported specificity of Con A for specific saccharides (glucose and mannose) was confirmed by staining known saccharides and imaging each sample by SCLM using the Con A filter set. Throughout the specificity study, confocal imaging settings including pinhole aperture size, gain, and blackness settings, and neutral density filter adjustments were held constant for each stain or autofluorescence imaging series (Table 1) .
Cell culture studies-To test confocal methods and study cell production of extracellular protein and polysaccharides, two phytoplankton cell cultures were studied: Amphidinium operculatum (dinoflagellate) and Phaeodactylum tricornuturn (diatom). Cultures were grown in IMR (Eppley et al. 1967 ) medium and placed under a 12 : 12 L/D cycle. Cultures were agitated for 5 min twice daily by swirling the culture flask in a circular motion without letting the culture solution come in contact with the stopper.
Two-milliliter aliquots of culture solution were removed and transferred to a glass cuvet. Light transmittance mea- surements were obtained using a spectrophotometer (Coleman Junior II model 6-35) at four different wavelengths (450, 500, 550, and 600 nm). The same aliquots were placed on the modified well slide and stained with Con A and PI or DTAF and PI and imaged by SCLM. After imaging, samples were fixed in formaldehyde to a final concentration of 2% formaldehyde. Cells in each culture sample were subsequently counted with a hemacytometer.
Phytoplankton cells were imaged confocally for autofluo~cscence (Chl a). polysaccharides (Con A), or proteins (DTAF) and DNA (PI) using a 40X objective (numetical aperture = 1.3). A nonconfocal transmitted image was also collected to provide an image similar to that derived by conventional microscopy.
Results and discussion
Stain and Jilter combination specificit);-To ensure that the observed fluorescence signals resulted from compositionally specific staining, several ground-truthing expamerits were conducted. These studies were conducted to ensure that (I) stains used in this study fluoresced only in the presence of their target composition; (2) the SCLM system did not detect fluorescence from unstained material; (3) the fluorescent stains stained only their target composition; and (4) the filter combinations allowed detection of only the appropriate stain.
To determine if unattached stains fluoresce, stains used in this study were imaged alone (without a substrate) in clean well slides. All stains were imaged under each filter set. None of the unattached stains or 2% glutaraldehyde fixative fluoresced under any of the excitation/emission conditions used.
Tests for substrate autofluorescence were run by imaging unstained, compositionally specific material under each filter combination. Predictably, the only autofluorescent signals detected by the LSCM system were those associated with cellular (pigment) autofluorescence. None of the material used showed an autofluorescent signal except for the Chl u (Pavlovia lutheri and Tricodesmium) and phycoerythrin (Tricodesmium) associated with living and killed phytoplankton cells. Chl a autofluorescence also was detected out- de heat-killed chrysophyte (P. lutheri) cells, due to release of chloroplasts during cell lysis.
The specificity of the filter combination for target fluorescent signals was also generally confirmed ( Table 2) . As a result, multiple stains could be used on a single sample. One exception was the filter combination used for detection of phycoerythrin autofluorescence. Both available phycoerythrin excitation/emission filter combinations (488/575 nm and 514/575 nm) overlapped with the fluorescent signal emitted by the fluorescein-conjugated fluorophores Con A and DTAE The spectral overlap of fluorescein emission with phycoerythrin emission (Fig. 1) explains the apparent detection of fluorescence with the phycoerythrin emission filter in the absence of any phycoerythrin when a sample is stained with a fluorescein conjugate. Hence, one of the few limitations of the SCLM system is that accurate detection of phycoerythrin autofluorescence from cyanobacteria is not possible in the presence of Con A or DTAF staining.
Notably, the only samples that showed PI (DNA) fluorescence was the heat-killed chrysophyte (P. lutheri) cells. The viable cell membranes of healthy cells prevent the PI stam from entering the cell and staining nucleic acids. The PI signal was not localized to a distinct nuclear region within the cells but was distributed throughout the cell. Heat killing not only compromises the outer cell membrane but also disrupts the nuclear membrane.
Consistent with previous studies (e.g. Martin and MoreiraTureq 1991) . the strongest Con A fluorescence signal results from the staining of glucose and mannose polymers. Galactose polymers exhibited a slight fluorescent signal when stained with Con A. Amylose, containing glucose, also binds with Con A, thereby producing a strong fluorescence signal. Other sugars that did not contain glucose or mannose did not show Con A fluorescence.
Cell senescence study-The cell senescence studies served two purposes. They acted as a control for confirming the specificity of fluorescent stains and illustrated the contribution phytcplankton may play in the formation of extracellular polysaccharides that lead to cell aggregation. During early lug-phase growth of the dinoflagellate, A. operculurum, there were some polysaccharides and strong autofluorescence from all cells (Fig. 2A) . The cells showed no DNA signal, indicating healthy cells with uncompromised cell membranes. Few individual cells were in contact with each other.
Late log-phase Amphidinium cells (Fig. 2B) showed strong autofluorescence. Some cells also exhibited strong Con A (polysaccharide) fluorescence within the cell. These cells also displayed a PI (DNA) signal, suggesting compromised cell membranes, as well as for protein abundance (DTAF). The enhancement of the Con A signal may be due in part to the ability of the Con A fluorophore to stain the intracellular polysaccharides once the cell membrane is distupted.
During stationary phase (Fig. 2C) , most Amphidinium cells weakly autofluoresced. Those cells with no autofluorescent signal showed enhanced Con A (glucose-mannose polysaccharides), PI (DNA), and DTAF (protem) fluorescence. The weakly autofluorescing cells during stationary phase also exhibited enhanced Con A staining indicating exopolysaccharide production. Fig. 3 shows the stationaryphase cells stained with Con A. These cells developed a halo of polysaccharides and were aggregated together within a distinct envelope of polysaccharides (Fig. 3) . A number of weakly fluorescing Amphidinium cells were dispersed throughout the field while some were aggregated together within a mass of extracellular polysaccharides (Fig. 3) . Several of the cells still autofluorescing also displayed localized PI staining, suggesting that PI was able to pass through compromised cell membranes to stain nuclear DNA (Fig. 2C) .
Phaeodactylum cells also appear to produce extracellular polysaccharides during early log growth phase. Predictably, early log-phase cells also emitted strong Chl a autofluorescent Eignals. These benthic diatoms produce an extracellular mucilage throughout their life-cycle. In late log-phase = 100 u.m growth, polyuaharide abundance increases forming setirigid envelopes of Con A-stainable polysaccharides surrounding numerous aggregated Phaeoductylum cells (Fig. 4) . Cells show PI staining within as well as outside the cells indicating cell lysis.
Compasitional and structural characteristics of marine snow-Marine snow samples collected in the field were first observed and photographed in situ to characterize their gross morphology. These images and observations helped to differentiate between loosely constructed and denser marine snow particles, although fine structural detail of marine snow was difficult to obtain by this method. A problem associated with studying marine snow has been the difficulty examining these particle's delicate stmcture without introducing any physical artifacts. SCLM allows fully hydrated, three-dimensional specimens to be imaged effectively at high resolution while minimizing physical disruption to the specimen. The technique provides an effective increase in resolution, enhanced depth of field, and the ability to eliminate out-offocus fluorescent signals over conventional microscopic methods. Additionally, the reduction of out-of-focus haze has facilitated the analysis of images by computer imageprocessing programs. SCLM allows the use of compoundspecific stains to characterize marine snow compositionally and structurally while minimizing physical or chemical artifacts. A major advantage of SCLM is its ability to allow examination of fully hydrated specimens while enhancing fluorescent-imaging capabilities. By using compositionally specific stains and autofluorescent signals, gross compositional information is derived for comparison to macro-and microstructural characteristics. Figure 5 provides an example of a densely packed marine snow particle collected at station Aloha. The particle was photographed in situ before collection (Fig. 5A ) and then imaged confocally for Chl a autofluorescence (Fig. 5B) , Con A-stained fluorescence identifying polysaccharides (Fig.  5C) , and PI-stained DNA (Fig. 5D) . The specimen remained fully hydrated throughout SCLM imaging. Initial confocal imaging before stain introduction revealed no fluorescent artifacts due to the formaldehyde fixative. Confocal images show a number of photoautotrophic cells (Fig. 5B) surrounded by and connected with an extensive polysaccharide-rich mucal slime. PI staining indicates that many of the photoautotrophic cells are senescent or necrotic (Fig. 5D) . Consistent with the results from the cell senescence study. it seems that this dense matrix of mucopolysaccharides may have resulted from exopolymer production by aging cells that led to cell aggregation. By comparison, Fig. 5E provides an example of a conventional microscope image of the same field. This image shows little structural detail and no compositional information. Figure 6 presents a series of images of a looser, tenuously attached marine snow particle. In situ observations suggest that the particle is highly porous and poorly held together. The SCLM image of Chl a autofluorescence (Fig. 6A ) indicates numerous individual cells distributed throughout the marine snow particle. SCLM imaging of Con A fluorescence (Fig. 6B ) indicated a substantial matrix of polysaccharides throughout the aggregation. Cells seem to be healthy because there is little extracellular DNA or DNA associated with neerotic cells (Fig. 6C ). What appears to be an open and porous structure in the transmitted image (Fig. 6D) is shown to have a much more substantial structure considering the extensive polysaccharide distribution. Because Con A is specific for the mannose-and glucose-containing polysaccharides, SCLM assessment of polysaccharide abundance must be considered a conservative estimate. This transparent polysaccharide matrix is difficult to image by conventional means yet plays an important role in maintaining marine Snow SttuCt"rc.
Conventional transmitted light images of marine snow samples (Figs. 5E, 60) provide little structural detail and no compositional information on a marine snow specimen. The constrained depth of focus inherent in conventional, nonconfocal microscopy prevents effective three-dimensional characterization of these fully hydrated aggregated particles.
Images derived from SCLM can be utilized in a number of ways. Owing to the ability of SCLM to resolve signals in the z-axis, it is possible to produce spatially distinct optical slices through a three-dimensional object. Fig. 7 presents a series of sequential optical slices through two aging dinoflagellate (A. operculatum) cells. It indicates polysaccharide distribution both within the cell and also surrounding the cell as a thin, yet distinct, envelope. Identification of such a thin envelope by conventional light microscopy may be difficult. Optical sections can also be combined to form a confocal image where all points along the z-axis are in focus. These compositionally specific images can be combined and color enhanced to show spatial relationships between different compositionally specific subcomponents of marine snow (Fig. 8) . Composite images of large marine snow particles can be assembled from a number of confocal image sections (Fig. 9A, B) . These mosaic images provide structural detail Deriving late the parallax observed when viewing a three-dimensional images with three-dimrnsional characteristics can also be astructure through both eyes. Both shifted images can be prccomplished with the help of computer software that can masentcd as a stereo pair or combined and color coded fur nipulate optical sections. A three-dimensional image can be viewing with color filter glasses. obtained by successively shifting each optical slice to emuDespite the overall benefits of the method, some limita-Pig. 9. A series of optical shcea can be combmed w form a confocal ~rnage (A). These confocal images can be combined to produce a commxite imaee of the whole wrticlc (B). Arrow indicates amxoximate position of Fig. 9a . Scale bars = 100 km. Interval between _. optical slices = 4.5 pm.
tions of SCLM imaging using autofluorescence and fluorescent stains must be considered. The number and range of excitation wavelengths that can be utilized for confocal imaging is dependent on the type of laser light source. Our system uses an argon ion laser that produces laser lines at 488 and 514 nm. Those stains that are not excited at either wavelength cannot be used with this system. This limitation can be overcome through the use of commercially available lasers with varying emission wavelengths that complement other available stains.
Choice of stains and autofluorescent signals used in combination with each other for SCLM must be made in consideration of their emission spectra. Spectral overlap of emission signals could result in contamination of fluorescent signals, particularly for relatively weak fluorescence. While the specificity studies illustrated that the emission filters used in this study were effective in isolating specific fluorescent signals, one exception was noted in which the phycoerythrin filter set allowed signal detection of Con A and DTAF fluorescence. The spectral overlap of fluorescein and phycoerythrin emissions explains why the phycoerythrin filter set also allowed the detection of Con A and DTAF fluorescence (Fig. 1) . Because the fluorescein fluorophore produces a relatively strong fluorescence emission signal (low gain settings and small detection apertures), a filter set used to detect a weaker signal (high gain and large detection apertures) that overlaps with the fluorescein emission spectra (e.g. phycoerytbrin filter set) may be contaminated by the fluorescein signal (Table I) .
Marine snow particles collected in the oligotrophic open ocean varied in structural characteristics and size. Gross morphological characteristics can be derived from in situ observations and from in situ macrophotographs (Fig. 5A) . However, the macrophotographs provide only cursory qualitative information on the overall structure of the marine snow particles. SCLM allows visualization of the structural components of delicate marine snow particles and examines their three-dimensional arrangement within a matrix of mucoid material in part composed of mannose-and glucosecontaining polysaccharides.
This polysaccharide-rich mucoid matrix forms from exudates produced by marine bacteria and phytoplankton (Alldredge et al. 1993; Decho 1990) and is thought to contribute to the aggregation of cells (Alldredge and Silver 1988; Smetacek 1985) . The results of the cell culture senescence study illustrate the abundance of glucose-mannose-rich polysaccharides associated with aging diatoms and dinoflagellates particularly during late log-phase and stationary-phase growth. These polysaccharides were also identified with cell aggregations. An envelope of polysaccharides can be seen surrounding an aggregation of late log-phase Amphidinium cells (Fig. 7) . Cultured Phaeodacfylum cells show a more extensive aggregation of cells within a semirigid polysaccharide-rich mucilage (Fig. 4 ) similar in appearance to flakelike marine snow particles. While a causative relationship between polysaccharide production and cell aggregation as suggested in the cell senescence study cannot be definitively established, the co-occurance of the two phenomena supports the commonly held perception (Alldredge and Silver 1988; Smetacek 1985 ) that polysaccharides promote aggregation. Previous investigations have confirmed that a wide range of marine phytoplankton produce extracellular polysaccharides that are readily stained by Con A (Sengbusch and Muller 1983) . Other studies show that glucose is a major component of particulate carbohydrates in the ocean (Hitchcock 1977; Ittekkot et al. 1982; Karner and Herndl 1992) and have estimated that glucose comprised >70% of the particulate carbohydrates in the mixed layer in the North Sea (Ittekot et al. 1982 ) and up to 80% of the total carbohydrate flux in the Bransfield Straight (Liebzeit 1987) . Marine snow samples examined by SCLM showed varying abundance of glucose-mannose polysaccharides. The variability in the glucose-mannose abundance in marine snow may be attributed to a number of factors. Due to the patchy nature of the marine environment, polysaccharides available for incorporation into a marine snow particle may be heterogeneous in distribution that may be reflected in marine snow composition. Additionally, mannose-glucose polysaccharide abundance in marine snow may reflect the successional state of the particle or reflect the varied origins of these aggregations.
Remarkably few data exist on the structure and composition of marine snow, particularly in an oligotrophic environment. Attempts to determine the life-history or successional patterns of marine snow have been hindered by logistical and technical limitations. SCLM techniques may help to determine subcomponent arrangements, porosities, and relative densities of marine snow that are related to the particle's structure and composition (Cowen and Holloway 1996) . These properties, in turn, are important in evaluating the dynamics involved in particle aggregation and in the ultimate role marine snow plays in the distribution and flux of suspended particles in the ocean.
